The afa gene clusters encode afimbrial adhesins (AFAs) that are expressed by uropathogenic and diarrheaassociated Escherichia coli strains. The plasmid-borne afa-3 gene cluster is responsible for the biosynthesis of the AFA-I1 adhesin that belongs to the Dr family of hemagglutinins. Reported in this work is the nucleotide sequence of the 9.2-kb insert of the recombinant plasmid pILL61, which contains the afa-3 gene cluster cloned from a cystitis-associated E. coli strain (A30). The afa-3 gene cluster was shown to contain six open reading frames, designated afaA to afaF. It was organized in two divergent transcriptional units. Five of the six Afa products showed marked homologies with proteins encoded by previously described adhesion systems that allowed us to attribute to each of them a putative function in the biogenesis of the AFA-I11 adhesin. AfaE was identified as the structural adhesin product, whereas AfaB and AfaC were recognized as periplasmic chaperone and outer membrane anchor proteins, respectively. The AfaA and AfaF products were shown to be homologous to the PapI-PapB transcriptional regulatory proteins. No function could be attributed to the AfaD product, the gene of which was previously shown to be dispensable for the synthesis of a functional adhesin. Upstream of the afa-3 gene cluster, a 1.2-kb region was found to be 96% identical to the RepFIB sequence of one of the enterotoxigenic E. coli plasmids (P307), suggesting a common ancestor plasmid. This region contains an integrase-like gene (int). Sequence analysis revealed the presence of an IS1 element between the int gene and the afa-3 gene cluster. Two other IS] elements were detected and located in the vicinity of the afa-3 gene cluster by hybridization experiments. The afa-3 gene cluster was therefore found to be flanked by two IS] elements in direct orientation and two in opposite orientations. The afa-3 gene cluster, flanked by two directly oriented IS1 elements, was shown to translocate from a recombinant plasmid to the E. coli chromosome. This translocation event occurred via ISJ-specific recombination mediated by a rec4-independent mechanism. Escherichia coli is a frequent cause of intestinal or extraintestinal infections in both humans and animals. Among the virulence properties expressed by this pathogen, adhesin production plays an essential role in the colonization of the mucosal epithelia. One class of adhesins that are not associated with fimbrial structures on the cell surface were designated AFAs, for afimbrial adhesins (25, 30) . These adhesins are expressed by different pathotypes of E. coli strains, including uropathogenic strains that cause infections in adults and children (25) and enteropathogenic (3) and enteroadherent (30) strains associated with diarrhea in children. AFA proteins mediate mannose-resistant hemagglutination (MRHA) of human erythrocytes and specific attachment to uroepithelial cells (27) and to Hep-2, HeLa, and Caco-2 (unpublished data) cells with a so-called diffuse adherence pattern (44) . The first afa gene cluster to be cloned (afa-1) was shown to be located on a 6.7-kb chromosomal fragment and to express polypeptides encoded by five genes, afaA to afaE, that are organized in an operon (27) . Among the five Afa products, only AfaB, AfaC, and AfaE were found to be required for phenotypic expression of the AFAs (26). To date, a precise function could be attributed only to the AfaE polypeptide, which was recognized as the adhesin (26, 44) .
strains associated with diarrhea in children. AFA proteins mediate mannose-resistant hemagglutination (MRHA) of human erythrocytes and specific attachment to uroepithelial cells (27) and to Hep-2, HeLa, and Caco-2 (unpublished data) cells with a so-called diffuse adherence pattern (44) . The first afa gene cluster to be cloned (afa-1) was shown to be located on a 6.7-kb chromosomal fragment and to express polypeptides encoded by five genes, afaA to afaE, that are organized in an operon (27) . Among the five Afa products, only AfaB, AfaC, and AfaE were found to be required for phenotypic expression of the AFAs (26) . To date, a precise function could be attributed only to the AfaE polypeptide, which was recognized as the adhesin (26, 44) .
We previously demonstrated that the afa gene clusters encode at least four antigenically distinct adhesins, which were designated AFA-I to AFA-IV (25) . AFA-III is encoded by the afa-3 gene cluster; it is an afimbrial adhesin that belongs to a family of hemagglutinins that recognize epitopes of the Dr antigen as receptors (34) . Among the adhesihs belonging to this family are the afimbrial adhesins AFA-I encoded by the afa-1 operon (27) and the fimbrial adhesins Dr (35) and F1845 (8) encoded by the dra and daa operons, respectively. We previously reported (30) the cloning of the afa-3 gene clusters from strains belonging to different pathotypes (associated with diarrhea or cystitis). All were found to be highly conserved and to be borne by a plasmid (100 kb in size), a situation that differed from that of the afa-l (30), afa-2 (unpublished data), and daa (8) operons that were found to be chromosome associated. The aim of this study was to investigate afimbrial adhesin AFA-III expression in detail. We report here on the determination of the nucleotide sequence of the 9.2-kb insert of pILL61 that harbors the afa-3 gene cluster cloned from the 100-kb plasmid (pILL1055) of uropathogenic E. coli A30. This gene cluster was composed of six genes. The corresponding gene products, which potentially play a role in the biogenesis of the afimbrial adhesive structure, were identified. Other defined DNA sequences were identified in the close vicinity of the afa-3 gene cluster, such as sequences that might be implicated in pILL1055 plasmid replication and/or stability, as well as several copies of IS1 insertion sequences. Finally, we demonstrated the capacity of the afa-3 gene cluster to translocate from plasmid to chromosome by an IS1-mediated recombination mechanism. This finding suggests that the afa-3 adhesin- encoding gene cluster might be able to disseminate within bacterial populations.
MATERUILS AND METHODS
Bacterial strains, plasmids, and culture conditions. E. coli A30 was isolated from an urine specimen from a patient with cystitis (30) . The previously described E. coli strains KS52 (27) and AL845 (30) were isolated from a patient with pyelonephritis and from a child with diarrhea, respectively. E. coli HB101 (10) was used as a recipient for recombinant plasmid analyses, and E. coli JM101 (45) was used as a host for bacteriophage M13 derivatives in nucleotide sequence analyses. E. coli SE5000 (38) was used in maxicell experiments. Recombinant plasmids used in this study are listed in Table 1 . Vectors pBR322 (9), pACYC177 (12), pACYC184 (12) , pILL570 (24) , and M13mpl8 and M13mpl9 (45) were used in cloning experiments. Plasmid pUCD800 (16) , containing a kanamycin resistance gene as well as the sacB gene, served as a tool in translocation experiments. E. coli strains were grown in Luria broth) without glucose (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl per liter [pH 7.0]) or on Luria agar plates (containing 1.5% agar) at 37°C. Antibiotic concentrations for the selection of transformants were as follows (in milligrams per liter): ampicillin, 100; tetracycline, 10; spectinomycin, 100; kanamycin, 20; and chloramphenicol, 20.
Hemagglutination and adherence assays. Hemagglutination of washed human erythrocytes, in the presence of 2% (wt/vol) a-methyl mannoside (MRHA phenotype), and adherence to HeLa cells were tested as previously described (3) .
PCR. Amplification reactions were carried out with a Perkin-Elmer Cetus thermal cycler under the conditions previously described (29) .
Preparation of DNA. Plasmids were routinely isolated by an alkaline lysis procedure (31) , whereas whole-cell DNA was prepared as previously described (25) .
DNA methodology. Restriction endonuclease digestions and other common DNA manipulations were performed by standard procedures according to the methods previously described (24, 31) .
Hybridization experiments. For Southern blot hybridizations, DNA restriction fragments were separated by electrophoresis in 0.7 or 1% agarose gels and transferred to nitrocellulose sheets (0.45-pum pore size; Schleicher and Schuell, Inc.) by the Southern blot technique (40) . The afa probe consisted of a 750-bp amplification product obtained with the primers specifying the afa operon (30) . The ISJ probe was prepared as follows. First, the 0.6-kb PstI fragment of pILL61 (corresponding to almost the entire IS1 element [see Fig. 2 ]) was subcloned into pBR322. Second, this fragment was amplified by using oligonucleotides that framed the PstI cloning site of pBR322 as primers. Third, the amplified product was digested by PstI, electroeluted, and purified on an Elutip-d-minicolumn (Schleicher and Schuell). Hybridizations were performed at 68°C with probes labeled with 32P by using the Megaprime DNA labeling system (Amersham International) and were revealed by autoradiography with Amersham Hyperfilm-MP.
DNA sequencing. Restriction fragments were cloned into M13mpl8 and M13mpl9 or pBR322 vectors. Single-stranded DNA templates were prepared by the polyethylene glycol method (36) , and the sequence was determined by the dideoxychain termination method with a Sequenase kit (U.S. Biochemical Corp.). Sequencing of double-stranded DNA was performed as previously described (13) . When required, new oligonucleotide primers were synthesized on the basis of the acquired sequence. Sixty-seven percent of the pILL61 insert sequence, presented in Fig. 2 , was determined for both strands of the DNA. Nucleotide or protein database searches were performed with FASTA, and sequence alignments were performed with GAP and PILEUP programs by using the Genetics Computer Group Sequence Analysis Software Package, version 7-UNIX. Sequence analyses were also performed with DNAid+, version 1.4 (F. Dardel and P. Bensoussan, Laboratoire de Biochimie, Ecole Polytechnique, Palaiseau, France).
Maxicell analyses, SDS-PAGE, and protein purification. Analysis of plasmid-encoded proteins was performed in the maxicell producing E. coli SE5000 (38) . Preparation of maxicells, labeling of plasmid-encoded proteins with [35S]methionine (Amersham), preparation of whole-cell extracts, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (final acrylamide concentration of 15% [wt/vol]), and visualization of polypeptides by fluorography were carried out as described previously (38) . To prevent signal peptide processing, 9.5% ethanol was added to the assay medium. The molecular masses of the proteins were estimated by using SDS-PAGE standards ranging from 14,000 to 110,000 Da (Bio-Rad S.A., Ivry, France).
Nucleotide sequence accession number. The pILL61 insert nucleotide sequence accession number is X76688. The double-headed arrow shows the position of the 5.7-kb afa-3 coding region (30) . Fig. 1A ) was previously described as a plasmid expressing an AFA-III adhesin (30) . The nucleotide sequence of the pILL61 insert is shown in Fig. 2 (26) or displayed homologies with previously reported nucleotide sequences.
A conserved ata region r-------------
Genetic organization of the afa-3 gene cluster. Five ORFs, transcribed in the same orientation, were detected between nucleotide 3471 and nucleotide 9128 (Fig. 2) . These mapped to the 5.7-kb afa-3 coding region (Fig. 1A ) that we previously characterized (30 Between bp 2670 and 3470, the nucleotides found to be different from those in the corresponding region of the daa gene cluster (7) are underlined.
to be a 101-amino-acid (aa) polypeptide with a calculated mass of 11,735 Da. It exhibited marked homologies with E. coli fimbrial regulators such as DaaA (7) (Fig. 3A) .
A second ORF, the afaB gene, resided between nucleotide 
(CaflM) of the Yersinia pestis capsule antigen F1 (15) and residues (Arg-8 and Lys-112) that in PapD were shown to the PapD chaperone involved in the biogenesis of the P make up a critical binding site (21) . Moreover, 42 of the 52 fimbriae (17) . A chaperone consensus sequence deduced conserved residues are present in the processed AfaB peptide from the alignment of 13 members of the family was pro- (Fig. 3B ). posed by Jones et al. (21) . AfaB contained 9 (17) . The positions of the residues described by Jones et al. (21) , characteristic of the periplasmic chaperone family, are indicated by letters (invariant residues) and dashes (conserved hydrophobic characters or residues conserved in 8 of the 13 sequences aligned). (D) The protein sequence of Int is aligned with that of the D protein (D prot) of the mini-F plasmid (28) . The 40-aa segment, which is a signature of the site-specific recombinases of the X integrase family (4), is framed. The 3 aa common to all known integrases (4) are underlined.
to 7433). This ORF had two potential start codons at positions 4854 and 4878. Although only the first ATG (position 4854) was preceded by a potential RBS, the putative signal sequence was considered to start at nucleotide 4878 because it would better match the consensus sequence (43 (28) . Figure 3D shows the alignment of the Int protein of pILL61 with the D protein of mini-F. This alignment reveals the presence of a 40-aa conserved motif located at the C-terminal end of the proteins that contains the triad His-Arg-Tyr, which allows one to identify such a protein as a site-specific recombinase of the X integrase family (4). An ISJ insertion sequence was identified 3 bp downstream of the initiation codon of the int gene. The putative RBS of the int gene was located within the right end of IS1 (Fig. 2) . The whole pILL61 IS1 nucleotide sequence only differed by 1 bp (A-T substitution at bp 1731) from the ISJ element characterized by Johnsrud (19) . It contained the three typical ORFs of the IS1 element, designated the insA, insB, and insC genes (11) . In pILL61, these mapped to bp 1937 and 1662, 1617 and 1240, and 1274 and 1564, respectively. No direct repeated duplications of the expected nine nucleotides (20) were observed at the junctions between the targeted site and the IS1 element.
Expression of the afa gene cluster in E. coli maxicells. To visualize the proteins expressed by the different identified ORFs, pILL61 and derivative plasmids (pILL1108, pILL1110, and pILL1111 [ Table 1 and Fig. 1A] ) were transformed into the E. coli maxicell-producing strain SE5000. Comparison of polypeptides expressed by pILL61 and pILL1111 and the corresponding vectors pBR322 and pACYC184 (lanes 4, 5, 6, and 7 in Fig. 4A ) allowed us to detect the expression of five Afa proteins with apparent molecular masses of 94, 30, 17.5, 15.5, and 11 kDa. The 94-kDa protein was attributed to the afaC gene. Further investigations were required to unambiguously identify the other gene products. The 30-kDa protein was identified as the AfaB product; it was present in the pILL1l11 and pILL61 profiles and absent from the pILL1108 and pILL1110 ones. The 17.5-kDa protein, identified as the afaD gene product, was expressed by pILL1108, pILL1111, and pILL61 and was not expressed by pILL1110. This was further confirmed by the fact that purified AfaD product migrated on SDS-PAGE gels as a 17.5-kDa protein (Fig. 4B ). In the same way, the 15.5-kDa protein of pILL61 and pILL1111 was recognized as the AfaE adhesin (Fig. 4) . In addition, the purified 15.5-kDa protein exhibited MRHA properties. Finally, the 11-kDa polypeptide present in pILL1111, pILL61, and pILL1110, but absent from the pILL1108 profile, was identified as the AfaA product. On the whole, the results of the maxicell experiments were consistent with the deduced number and molecular masses of the afa gene products determined by sequence analysis. One of the two exceptions to this were the AfaB and AfaD proteins, which were found to migrate in SDS gels more slowly than expected. Such a discrepancy might reflect the existence of posttranslational modifications of the two polypeptides. The other exception was the absence of the afaF gene product from SDS-polyacrylamide gels, presumably because of a low level of expression of AfaF, a regulatory protein.
IS] elements in the vicinity of the afa-3 gene cluster. The afa-3 gene cluster was cloned from the 100-kb pILL1055 plasmid present in the E. coli A30 isolate. On the basis of the nucleotide sequence analysis, a unique copy of the IS1 element was found to map to the pILL61 9.2-kb insert, whereas Southern hybridization experiments demonstrated six copies of IS1 on the whole pILL1055 plasmid (data not shown). We therefore decided to further investigate the presence of other copies of ISJ in the vicinity of the afa-3 gene cluster. DNA sequences located upstream and downstream of the 9.2-kb insert of pILL61 were isolated from pILL1055 by cloning partially digested Sau3A fragments (of between 6 and 13 kb) into pILL570 and then screening the recombinant plasmids with an afa probe by Southern hybridization. Two recombinant plasmids, pILL1099 and pILL1101 (Table 1 and selected, and these contained inserts of 11.9 and 11.6 kb that extended over regions located either upstream (pILL1099) or downstream (pILL1101) of the afa-3 gene cluster. For each plasmid, two PstI restriction fragments (2.5 and 0.6 kb in size) hybridized with the IS1 probe (Fig. 5, lanes 2 and 3) . The 0.6-kb PstI hybridizing fragment corresponded to the 0.6-kb fragment of pILL61 used as a probe and therefore contained the first identified IS1 element (Fig. 5, lane 1) . The 2.5-kb PstI hybridizing fragment of pILL1099 and pILL1101 corresponded to different sequences of pILL1055, located either upstream (pILL1099) or downstream (pILL1101) of the afa-3 gene cluster (Fig. 1B) . This assumption was confirmed by subcloning the 3.5-kb SmaI fragment of pILL1099 and the 5.8-kb SmaI fragment of pILL1101 into pACYC177, resulting in recombinant plasmids designated pILL1096 and pILL1097, respectively (Table 1 and Fig. 1B) . Both of the SmaI fragments hybridized to the IS] probe, allowing us to conclude that both carried DNA sequences homologous to the IS1 element (not shown). To confirm the presence of an entire IS1 element in each of these fragments, gene amplifications were performed with a couple of primers designed to target the IS1 nucleotide sequence (ISJ 1 to IS] 2 [ Fig. 2] ). Plasmids pILL1096 and pILL1097 both led to the amplification of the expected 570-bp internal fragment of ISl. In addition, the precise location and orientation of each of the three copies of IS] found in the vicinity of the afa-3 gene cluster were determined by PVuII-PstI restriction map analysis of pILL1096 and pILL1097, as shown in Fig. 1B . The afa-3 gene cluster appeared to be flanked by two IS1 elements in direct orientation, whereas the third IS] sequence was inserted in the opposite orientation. For each of the three IS1 sequences, the nucleotide sequences of the junctions between the extremities of the IS1 elements and the pILL1055 target sites were determined by double-stranded DNA sequencing of plasmids pILL1096 and pILL1097 with the ISI 3 and IS1 4 oligonucleotides shown in Fig. 2 . No duplication of the target site was found on either side of the individual or paired IS] elements.
Experiments were also undertaken to identify IS1 elements on recombinant plasmids harboring either the afa-3 gene cluster from the diarrhea-associated E. coli strain, AL845 (30) , or the afa-1 gene cluster from the pyelonephritic strain, KS52 (27) (Table 1 and Fig. 1C and D) . The restriction maps and genetic organization of the sequences flanking the afa-3 gene cluster of strain AL845 (Fig. 1C) were remarkably conserved compared with those of the cystitis-associated strain, A30 (Fig.  1A and B) . As for the A30 strain, three copies of IS1 were detected in the vicinity of the afa-3 gene cluster of strain AL845 (Fig. 5, lanes 4 and 5) , which mapped to the same loci and had the same orientation as those found in the pILL1055 plasmid (Fig. 1C) . In contrast the 11.6-kb sequence originating from strain KS52, harboring the afa-J operon, did not contain any IS1 sequences (Fig. 1C and Fig. 5, lane 6) .
Translocation of the afa-3 gene cluster. Because it is known that any DNA sequence flanked by two transposable elements is by definition a mobile element, we wanted to test the capacity of the afa-3 gene cluster, which was flanked by two entire IS1 elements, to move from one replicon to another. Plasmid pUCD800, which harbors the sacB gene encoding the levansucrase whose expression is lethal for E. coli cells in the presence of sucrose (16) , was introduced into HB101 harboring the pILL1101 plasmid. After transformation, bacteria were plated on agar medium containing kanamycin and 5% sucrose to positively select for bacteria in which insertion into the sacB gene had occurred. Of 100 clones analyzed, 1 had lost spectinomycin resistance capability but retained the ability to agglutinate human erythrocytes. Plasmid analysis of this clone demonstrated the absence of the original pILL1101 plasmid and the acquisition within the sacB gene of a 2.3-kb fragment. Because the MRHA phenotype requires at least 5,700 nucleotides for expression, it was unlikely that the entire afa-3 gene cluster had inserted into the sacB gene. After two antibioticfree subcultures of the clone, a kanamycin-susceptible derivative was isolated. This derivative, designated AL853, was found to be plasmid free and still retained the MRHA properties, thus suggesting a chromosomal location of the afa-3 gene cluster. To further investigate this hypothesis, Southern hybridization experiments with the PstI-or SphI-restricted whole DNA extracted from E. coli HB101 or E. coli AL853 were performed with various probes (pILL570, IS1, and probes designated A to E [Fig. 1B]) . No hybridization was detected with the pILL570 probe or with the A and E probes, both corresponding to DNA sequences that flanked the two direct IS1 elements in pILL1101 (data not shown). However, the complete sequence framed by these two IS1 elements was recovered in the AL853 total digest and not in that of HB101 (Fig. 6 ). These results indicated that acquisition of the MRHA phenotype was the result of the integration of the fragment of the insert of pILL1101, corresponding to the DNA sequence flanked by the two IS1 elements. Conclusive evidence that translocation had occurred within the chromosome of the HB101 strain came from the observation that concomitant loss of the spectinomycin resistance of the original plasmid (pILL1101) and that of pUCD800 derivative was associated with the disappearance of an HB101 SphlI fragment (4.2 kb in size) harboring an IS1 sequence and the appearance of two new chromosomal IS1 hybridizing fragments (both 4.5 kb) (Fig. 6 ). These latter fragments were absent from pILL1101 and therefore must have corresponded to the junction fragments between the afa-3 gene cluster and the HB101 chromosome, replacing the 5.1-and 2.9-kb SphI fragments of pILL1101. Therefore, the translocation of the afa-3 gene cluster from the pILL1101 replicon to the chromosome resulted from the translocation of a fragment flanked by two ISI sequences within a chromosomal fragment that contained an IS1 sequence. This suggests that the translocation, although rec independent, was mediated by a site-specific S11-dependent recombination event.
DISCUSSION
AFA expression encoded by the afa gene clusters represents one of the potential virulence factors of E. coli strains associated with intestinal or urinary tract infections. Whereas the function of the genes involved in the biogenesis of E. coli fimbrial adhesins has been extensively studied, little was known concerning the genes involved in the function of the afimbrial adhesins. We report here on the determination of the nucleotide sequence of the pILL61 insert that contains the plasmidborne afa-3 gene cluster cloned from E. coli A30. This is the first instance in which the entire nucleotide sequence of an afimbrial-adhesin-encoding system has been reported.
The information deduced from the sequence analysis has shown that the biogenesis of an E. coli afimbrial adhesive structure, like that of a fimbrial one (18) , requires proteins with specialized functions such as a periplasmic chaperone (AfaB protein) and an outer membrane anchor protein (AfaC). The AfaB and AfaC proteins were found to be more closely related to the caflM and caflA gene products, which are required for the formation of the Y pestis capsule (22) , than to the homologous gene products of the pap and sfa gene clusters encoding the P and S fimbriae, respectively. These observations suggested that the biogenesis of bacterial capsule, nonfimbrial adhesin, or fimbrial adhesins involved the export of subunits that have to be stabilized in the periplasm and exported to the cell surface via similar pathways.
High degrees of similarity were found between the nucleotide sequence of the afa-3 gene cluster and the partial nucleotide sequence of the nonfimbrial NFA-I-encoding operon recently reported by Ahrens et al. (1) . Whereas the structural gene encoding the NFA-I adhesin had no homology with any of the genes encoding the AFA-I (27), AFA-II (unpublished data), and AFA-III (30) We and others previously reported that the different afa operons, the daa gene cluster encoding the F1845 fimbrial adhesin (8) , and the dra operon encoding the fimbrial Dr hemagglutinin were closely related (30, 35) . Although the entire nucleotide sequences of the daa and dra operons have not yet been reported, comparison of the published partial sequences with that of the afa-3 operon seems to confirm this statement. Yet why the F1845 adhesin and Dr hemagglutinin polymerize to form fimbriae while the AFA adhesins do not is not understood. The afaA and afaF genes were found to encode products highly similar to the DaaA and DaaF proteins, which have been shown to regulate, at the transcriptional level, the expression of the F1845 fimbrial adhesin (7). These gene products belong to a family of transcriptional regulators commonly involved in the regulation of E. coli fimbrial adhesin expression (33) . Not only were the two regulatory proteins highly similar to the Daa ones, but the 1,365-bp afaF and afaA intergenic region was found to be 96.2% identical to the daaF-daaA intergenic region. The binding sites for the cyclic AMP-cyclic AMP receptor protein, integration host factor, and Lrp transcription regulatory factors pointed out by Bilge et al. (7) were also detected in the afaF-afaA intragenic region of pILL61, suggesting similar transcriptional regulatory mechanisms for the expression of the afa operon. Similarly, the flanking sequences of the afaE gene encoding the adhesin subunit share similarity with those of the daaE gene. These flanking sequences display extensive homology upstream of the adhesin genes and include the presence of a stem-loop structure (data not shown), located 50 bp downstream of both afaE and daaE, that has been shown by Bilge et al. (6) to be essential to the stability of the processed daaE mRNA. Therefore, given such similarities between the two daa and afa-3 operons, why was one associated with a fimbrial adhesin (daa) and the other associated with a nonfimbrial adhesin (afa-3)? We previously hypothesized that this could be the result of a variation in the rates of expression of the adhesin genes or in the expression of a product encoded by accessory genes (30) . To date, the only identified differences between the three operons mapped to a region that includes the identified afaD gene and the 753-bp afaD-afaE intergenic region. In the daa gene cluster (8) as well as the dra operon encoding the Dr adhesin (35) , the afaD equivalent loci were shown to encode peptides not essential for the expression of adhesion properties, a situation that was similar to that found in afa-3 (30) . Because of the absence of homology with any known proteins, sequence determination of the afaD gene, as reported in this paper, did not allow us to propose a putative function for the AfaD product. The preparation of specific polyclonal antibodies raised against purified AfaD and AfaE polypeptides, as well as the construction of chimeric operons between the daa and the afa-3 operons, should soon allow us to elucidate this controversial observation.
Two main features were revealed by the nucleotide determination of the sequences bordering the adhesin-encoding operon. First, the afa-3 operon has been shown to be linked to a region encoding a protein (RepA) required for the initiation of replication of various bacterial plasmids and another protein (Int) belonging to the lambda integrase family of site-specific recombinases. Such a situation has also been reported for the 90-kb virulence plasmid of Salmonella typhimurium (14) , in which the fimbrial biosynthetic genes (pef genes) were shown to be located immediately downstream of a 1-kb region encoding the RepA protein and the integrase-like D protein of the mini-F replicon. Topological linkage of independent gene blocks might reflect the involvement of common ancestral recombinational events that led to the formation of several enterobacterial large virulence plasmids.
The second major feature is that the afa-3 gene clusters from both the uropathogenic A30 and the enteroadherent AL845 isolates were framed by three IS1 sequences in such a position that the AFA-III-encoding determinants were flanked by two IS1 elements in direct orientation and two in opposite orientations. Such an arrangement of the afa operon was restricted to the plasmid-borne afa-3 gene cluster, because no IS1 was identified in the vicinity of the chromosomal afa-l operon. The absence of direct repeated short duplications (9 bp) (20) on both sides of individual or paired IS1 elements demonstrated that the acquisition of the afa-3 gene cluster was not the result of a recent transposition event mediated by the flanking IS1 insertion sequences. Rather, this appeared to be the result of replicon fusions or DNA translocation mediated by reciprocal or site-specific recombination events, as has been commonly seen in the building of natural plasmids encoding multiple drug resistances (11) . We further demonstrated, by the use of a strong positive selection, that the element composed of the afa-3 gene cluster flanked by two IS1 elements in direct orientation was indeed a mobile element capable of translocation from the recombinant plasmid pILL1101 into the chromosome of HB101. The insertion of the afa-3 gene cluster into the chromosomal DNA was probably the result of a recombinational site-specific event occurring between the two IS1 elements flanking the afa-3 gene cluster and one of the IS1 copies present in the chromosome. This movement could be recA independent because it took place in HB101, a strain that is reported to be deficient in its reciprocal recombination functions. Whereas such a situation has already been reported for drug resistance genes (20) and for genes encoding toxins (39) , this is the first evidence that a pathogenic determinant responsible for adhesion properties is capable of translocation from one replicon to another. This allows us to speculate on VOL. 176, 1994 on February 1, 2016 by guest http://jb.asm.org/ Downloaded from the possible dissemination of such a determinant among gram-negative bacteria.
In conclusion, our results indicate that the biogenesis of the afimbrial adhesive structure encoded by the afa gene clusters follows the same routes as that of the well-known E. coli P fimbria formation. Nucleotide sequence determination of the afa genes should allow us to initiate experiments designed to determine the conformation of the afimbrial adhesive structure and its mechanism of interaction with epithelial cells.
